). The same strain utilizes bipbenyl and fluorene as sole sources of carbon and energy. The fluorene degradation sequence is proposed to be initiated by oxidation or the fluorene methylene group to 9-fluoreaol. Cells grown on fluorene exhibit pronounced 9-fluorenol dehydrogenase activity. Angular dioxy· genation of the 9·fluorenone thus fonned yields 1,IO-dlbydro-l,lO-dibydroxyfluoren.9-one (DDF). A mecha· nistic model Is presented for tbe subsequent C·C bond cleavage by an NAD+ -dependent DDF dehydrogenase, acting on the angular dihydrodiol. This enzyme was purified and cbaracterized as a tetramer of four identical 4O·kDa subunits. The following K", values were determined: 13 .... M for DDF and 6S .... M for 2,3-dihydro-2,3-dibydroxybiphenyl. The enzyme also catalyzes the production of 3.(2'-carboxyphenyl)catechol, wbicb was Isolated, and structurally cbaracterized, in the form of the corresponding lactone, 4-hydroxydibenzo-(b,d). pyran·6-0ne. Stoichiometry analysis unequivocally demonstrates that angular dioxygenation constitutes tbe principal pathway in Brevibacterium sp. strain DPO 1361.
Polynuclear aromatic hyd rocarbons contribute significantly to industrial soil contamination. In this respect, bioremediation has gained increasing importance. A recent review (28) contends that baClerial degradation of polynuclear aromatic hyd rocarbons is without exception initiated by dioxygenation in either the 1,2, 2,3, or 3,4 position of the condensed ring system.
Various pure bacterial cultures have been reported to utilize fluorene as a sole source of carbon a nd energy. Fluorene degradation via initial 3,4 dioxygenation has been suggested for Arthrobacter sp. strain FlO!. Since this organism utilizes neither 9-fluorenol nor 9-fluorenone, a pathway via oxidation of the methylene bridge seems unlikely (14) . There is some indication Ihat degradation of fluorene by a Pseudomonas vesicularis strain is also initiated by 3,4 dioxygenation (37, 38) . For a Staphylococcus auriculans strain reported to grow with dibenzofuran (OBF) and fluorene as sole sources of carbon and energy (18) , 1,I(}.dihydro-I, I(}.dihydroxyfl uoren·9-one (OOF) has been isolated from the cuhure fluid as one of several metabolites. Since the strain seems to lack the potential to further metabolize this secondary subslrale, the authors postulate that degradation is initiated by 3,4 dioxygenation ( 18) .
The present report constitutes. to the best of our knowledge, the fi rst in-depth a nalysis of a bacterial catabolic pathway for fluorene. Brevibaclerium sp. strain OPO 1361 was enriched with OBF as the sole source of carbon and energy. The crucial degradation step for this substrate is initial angular dioxygen. ation (7, 9, 11 , 12) by which the biaryl ether structure is
• Correspondi ng allthor. Mailing address: Institllt fUr Siedillngswasserbau. Wasscrgiite li nd Abfallwinschaft, Abteilung Biologische AbIliftrei nigll ng, Bandtile I, D·70569 Stullgart, Germa ny. Phone: 0049-711·685·3734. Fax: 0049·711-685-3729. transfonned into a (chemically unstable) hemiacetal. Thus, 3-(2'·hydroxyphenyl )catechol represents the first metabolite which may be characterized for this pathway. Further degra· dation proceeds as established fo r unsubstituted biphenyl (31) . A comparable mechanism has been suggested for dibenzo-p. dioxin degradation by a Sphingomonas strain (41) ; for the catabolism of 3· and 4·carboxybiphenyl ether, il has been demonstrated definitively (7, 40) .
Resting cells of strai n OPO 1361, after growth on OBF, transfonned fluorene to five distinct metabolite structures (9) , one of which was identified as OOF. The presence of this metabolite indicated that dioxygenation of fluorene by OBF· grown cells of Brevibacterium sp. strain OPO 1361 unexpect· edly takes place also in the angular position. The OOF concentration decreases upon prolo nged incubatio n (5), while it stays constant in the cell-free superna ta nt. This finding clearly indicates that OOF is subject to further biological metabolization.
Additional investigations have shown OPO 1361 to likewise grow with fluorene as the sole source of carbon a nd e ne rgy (6) . It appeared very likely, therefore, that OBF catabolism and fluoren e catabolism follow analogous pathways. This hypothesis has now been confinned. At the same time, we present data by which the initial steps of fluorene degradation by strain OPO 1361 are established unequivocally. strain DPO 1361 were cultivated with fluorene or biphenyl as the sole carbon source, applying growth conditions as described previously (32) . Yeast extract (0.005% [wt/VolJ) was added 10 supply vitamins. P. stutzeri AN 10 was grown in M9 medium (16) containing 10 mM salicylate as the sole carbon source. £. coli "18 2 and "18 14 were grown in NB (16) containing additional ampicillin (200 ~"m1) and rifampin (SO ,,' ml).
MATERIALS AND METHODS

Organisms
PrepantiOD of metabolites. 2,3-Dihydro-2,3-dihydroxybiphenyl (DOD) was isolated and purified as described by Strubel (30) . DDF was prepared as described by Engesser et al. (9) . 1,2-0ihydro-l,2-<lihydroxynaphthalene (DON) was kindly provided by V. Strubel. Details of characterization will be published separately (6) . Enzyme assays. One unit of enzyme activity was defined as the amount of enzyme converting 1 ~ol of substrate per min. Methods for cell extract preparation and for measuring protein content were as descnbed previously (22. 23) . with the modification that cell suspensions were incubated in the presence of 5 mg of lysozyme per mI for 30 min at 37"C prior to disruption by a French pressure cell. Cell debris was removed by centrifugation (60 min at 100,000 x g).
9-Auorenol dehydrogenase activity was measured by monitoring the increase of A~ in an assay mixture containin! Tris-Ha (100 MM. pH 8.5), 9-fluorenol (0.5 mM), and NAD (2.7 mM) in a final volume of 1 ml. Triton X-IOO (0.3%
[vol/Vol)) was added for substrate solubilization. Under these conditions, the reaction rate was proportional to the enzyme concentration and, within the range studied, independent of substrate concentration. Fluorene monooxygenation activity was investigated under identical conditions except that NADH or NADPH was added as a cofactor.
OOF dehydrogenase activity was monitored by measuring the decrease of AJI3 due to substrate turnover. The reaction vessel contained Tris-Ha (100 mM, pH 8.5), OOF (8.5 jLM), and NAD+ (2.7 mM). In crude extracts and Q Sepharose fractions, 3-chlorocatechol (I mM) was added to inhibit pyro--catechase activity. The reaction coefficient was calculated as OOB dehydrogenase activity was monitored under the same conditions by measuring NADH production at 365 nm. In this case, 60 jLM substrate was used.
J. 8AcreJI10L.
DON dehydrogenase activity was monitored spectrophotometrically at 340 nm as described by Patel and Gibson (20) . Assays were performed in a final volume of 1 ml.
HPLC. Analyses were perfonned on a Merck HPLC system (Merck, Darmstadt, Germany) with an RP-8 uchrosorb column (125 mm; ~.6-mm internal diameter, Bischoff, Leonberg. Germany) and with water-methanol or water-acetonitrile, containing 0.1% (vol/Vol) H l P0 4 • as the mobile phase. Individual compounds were detected spectrophotometrically at 210 nm.
For preparative HPLC, an RP-8 Lichrosorb column (25 em; internal diameter of2.5 cm; BischoH) was used, with methanolwater-trifluoroacetic acid (55:49.9:0.1 [vol/Vol/Vol); flow rate, 5.5 ml/min) as the mobile phase.
Enzyme purilkaUoo. Purification of OOF dehydrogenase was carried out at ambient temperature, using a fast-performance liquid chromatography system which consisted of an LCC SOO controller, pump 500. UV-t monitor, REC-482 recorder, and FR 100 autosampler (aU from Phannacia, Uppsala, Sweden). A crude extract of fluorene-grown cells (12 m1J94.8 mg of protein) was prepared in Tris-Ha buffer (SO mM, pH 7.5), passed over a 0.2-j.UIl-pore-size filter, and applied to a Q Sepharase anion-exchange column (25 em; inside diameter, 16 mm). Samples were eluted by a nonlinear gradient of 0 to SOO mM Naa in Tris-Ha buffer (SO mM, pH 7.5) containing 1 mM dithiotbreitol at a flow rate of 4 mUmin. Fractions (0.5 mI) containing dehydrogenating activity were pooled and analyzed for purity and activity by both native polyacrylamide gel electrophoresis (PAGE) and sodium dodecyl sulfate (SDS)-PAGE. The purified enzyme was stored at -We.
5DS-PAGE. SDS-PAGE and native PAGE were carried out on a Bio-Rad Mini Protean II system (development and electrophoresis chambers). Gels were stained with Coomassie blue after electrophoresis. For activity staining, after electrophoresis, native gels were incubated in 10 mI of a solution containing Tris-HQ (100 mM, pH 8.5), NAD+ (0.27 mM). ODF or DOB (2 mM). p-iodonitrotetrazolium violet (0.14 mM), and 8-dimethylamino-2,3-benzophenoxazine (Meldola's blue; 0.12 mM) for at least 1 h.
Cbemlalls. Chemicals were of the highest purity commercially available (Merck; Serva, Heidelberg. Germany; Fluu, Neu-Vlm, Gennany, Aldrich. Heidenheim. Gennany). 3-Ch10-roeatechol was obtained by chlorination of catechol as described by Willstitter and Muller (39 
RESULTS
Turnover or DDF by cell extracts. Cel[ extracts of sirain OPO 1361 , grown on ftuorene, showed a pronounced enzymatic activity which transformed OOF by an NAD+ -dependent reaction. NAO+ could not be subslituted in this reaction by NADP+; anaerobic conditions, on the other hand, did not reduce activity levels. No activity was observed when the cell extract was heat inactivated prior to activity measurements.
The NAD+ dependence of the reaction suggests that metabolization of OOF is effected by a dehydrogenase. OOF is oxidized very effectively by crude extracts of both biphenyl-and ftuorene-grown cells (Table I) . Only low levels of this activity wcre observed, on the othcr hand, after growth on gluconate or OBF. The OOB oxidizing activity, therefore, is characterized by the same induction pattern. Thus, it can be reasonably assumed that the same enzyme catalyzes both dehydrogenation reactions. No activity was detected with DON as the substrate.
In the course of the enzymatic turnover of OOF with crude extracts, two metabolites were formed. One of these was identified as phthalic acid by comparison with authentic material (by HPLC). The second product metabolite, designated metabolite X, also accumulated when ftuorene-grown resting cells of strain OPO 1361 were incubated with ftuorene in the presence of an establis hed meta-pyrocatechase inhibitor, e.g., 3-chlorocatechol (3, 8, 15) . We obtained 2 mg of pure metabolite X for detailed spectroscopic analyses by this procedure, i.e., after two extractions of the cell-free supernatant with chloroform and subsequent purification by ~reparative HPLC.
Structure or metabolite X. The 300-MHz H NMR spectrum of metabolite X shows signals for seven protons in the aromatic region (li > 7.0 ppm; Fig. I ), apart from a broad, exchangeable resonance around 6 ppm (phenolic OH group). The aromatic proton resonances can be divided into two subsets: a fou rproton one at low field and a three-proton one at rather high field. The low-field proton of this set is linked to the high-field resonance of the other set by a 0.36-Hz long-range coupling. Both chemical shift and H,H coupling data (Table 2) 1361 efficienlly dioxygenace 9-fluorenone also in the angular position.
Stoichiometric conversion of DDF to phthalic acid by crude extracts. Cell extracts of strain DPO 1361 metabolized DDF to phthalic acid in stoichiometric amounts. DDF (0.45 mM) was incubated in 5 ml of phosphate buffer (50 mM, pH 7.5) containing NAD+ (2.7 mM) and crude extract of fluorenegrown cells (1.3 mg of protein). The solution was stirred vigorously during the entire experiment, and aiiquots were taken at given intervals. The reaction was stopped after 2 h by addition of 10% (vol/Vol) perchloric acid (6% [wt/VolJ). The metabolite concentration in each sample was determined by HPLC. DDF turnover was completed within 20 min; the phthalic acid concentration reached a maximum (0.37 mM) after 40 min of incubation. Phthalic acid thus is clearly established as a metabolic intermediate in fluorene degradation by strain OPO 1361 . The ODF concentration remained unchanged, on the other hand, when heat·inactivated cell extract was added.
Purification of DOF dehydrogenase. The sequence for purifying DDF dehydrogenase, resulting in a 4O-fold enrichment, is summarized in Table 3 . Since the first hydrophobic interaction chromatography (at phenyl-Sepharose HR 515 material) resulted in an excellent purification, a second hydrophobic cleaning step (stage 3) was included in the overall sequence; however, this step gave only another 3% increase in purity. DDF-and DDS<onvening activities could not be separated in the course of this purification procedure; thus, both activities may safely be assumed to be catalyzed by the same enzyme. The molecular mass of the native enzyme was estimated at 160 kDa from gel filtration (Superose 6 COlumn). SOS-PAGE revealed one single band with a molecular mass of 41 kDa, indicating four identical subunit constituents for the native enzyme (Fig. 2) . Native PAGE and subsequent activity staining yielded a single band, regardless of whether DDF or DDS was used as a substrate (data not shown).
4-HDSP is definitely ruled out as a true metabolite since, with purified dehydrogenase, no stoichiometric amount of this 3-(2'-carboxyphenyl)catechol (epC) lactone was detected after total conver.;ion of 0.5 mM DDF (HPLC analysis with a neutral mobile phase, methanol-water [10:90, voIJvolJ). Instead, another metabolite (retention volume, 3.65 mI) accumulated, which was shown by HPLC with in situ UV detection to have absorption maxima at 218 and 264 nm. Upon acidification, this metabolite disappeared from the reaction mixture, 4-HDSP (0.48 mM) being fonned instead in a close to stoichiometric amount. This result clearly demonstrates 4-HDBP to be an anifact arising from the acidic conditions during isolation of epc. Accordingly, no 4-HDSP turnover was observed with cell extract; i.e., 4-HDSP is stable toward the enzymes involved at all practical pH values.
The K", value for DOF, calculated as 13 ± 2 ~M, is somewhat lower than that found for DDS (65 ± 5 IJ-M; both values are the means of two independent experiments). Since substrate inhibition was observed in both cases, enzyme assays were performed at the optimum substrate concentrations as given in Materials and Methods. Substrate inhibition constants were not determined.
Oibydrodiol debydrogenase activities in bipbenyl-degradlug 0lJanisms. Of four biphenyl·degrading strains tested for their fluorene-degrading potential, none could utilize fluorene as the sole source of carbon and energy. After growth with biphenyl, cell extracts were examined for dihydrodiol dehydrogenase activity (Table 4) . No DDF transformation was observed in any case even though all extracts contained dehydrogenase activities for the oxidation of DDB and ~ON.
Oxidation of fluoren e to 9-fluorenol. No enzymatic activity is detected in crude extracts of strain OPO 1361 which would catalyze monoo)[),genation of fluorene to 9-fluorenol under the conditions given in Materials and Methods. Catalysis by a me mbrane-bound dio)[)'genase would present an alternative mechanistic possibility. A cloned naphthalene dioxygenase gene (noM) of P. stutzeri AN 10 was used to test this hypot hesis (I). Resting cells of strain -y8 14 (optical density at 546 nm of SO) were incubated with fluorene (3 mM). After 120 min, 0.13 mM 9-ftuorenol was detected in the supernatant. In a control experiment, £. coli -y8 2, which has a transposon insertion in naM , was incubated under the same conditions. Since the naM gene is no longer operative in this mutant, no naphthalene 1,2-dioxygenase is expressed by this strain (I). Accordingly, no 9-ftuorenol could be detected in the medium. Wild-type P. stu/zeri AN 10, on the other hand, transforms ftuorene to 9-fluorenol.
9-Fluorenol dehydrogenase. Cell extracts of fluorene-grown cells of strain OPO 1361 likewise converted 9-fluorenol to 9-ftuorenone; both 9-fluorenone format ion and 9·fluorenol consumption were monitored by HPLC (mobile phase, meth· anol-water-H)P0 4 [60:39.9:0.1, vol/Vol/VolJ). This NAD+ -dependent enzymatic act ivity was induced during growth on fluorene (specific activity, 1.05 Ulmg of protein). In sharp contrast, extracts of gluconate-, biphenyl-, or OBF-grown cells contained only a minor level of 9-fluorenol dehydrogenase activity (approximately 0.030 U/mg of protein). The 9-fluorenol dehydrogenase activity and OOF dehydrogenase, therefore, clearly belong to distinct enzymatic entities, since 9-ftuorenol is not a substra te for purified OOF dehydrogenase.
DISCUSSION
All experimental data presented so far can be accommodated by the degradation pathway outli ned in Fig. 3 . Thus, fluorene catabolism by Brevibacterium sp. strain OPO 1361 , after transformation to 9-fluorenone, would follow the catabolic routes established for OBF and biphenyl in all essential steps but one. The pivot of this sequence is the angular dioxygenation step. Contrary to straightfOlward mechanistic considerations, this sequence does not lead fluorene degradation into a dead-end pathway; actually, Brevibacterium sp. strain OPO 1361 utilizes fluorene as a sole source of carbon and energy rather tha n as a cometabolic substrate (6) . OOF turnover was also observed when DSF-srown cells were incubated with ftuorene for a prolonged time. Taken together, these results suggest that fluorene degradation operates on the basis of the angular dioxygenation mechanism.
Other than in the case of OBF, the angular dihydrodiol of ftuorene, oxidized additionally at C-9 (i.e., OOF), is chemically stable (6) . OOF is oxidized, in the ensuing step, by an NAD+ -dependent dehyd rogenase (Fig. 4) . It seems plausible to assume the primary product of this reaction to immediately add water, yielding CPC (structure B in Fig. 4) . CPC is the structural analog of 3-(2'.hydroxyphenyl)catechol and of 3-phenylcatechol, which represent the effective ring fission substrates for the metapyrocateehases involved in OBF and biphenyl degradation (4, 31) .
The more detailed mechanism in Fig. 4 illustrates how the dehydrogenase reaction results in the actual C-C bond cleav- age. This interpretation is consistent with the established fact thai dehydrogenases follow a simultaneous NAD"'" reductionketonization mechanism (24) . An alternative route would require synchronous dehydration at C-l and OH -addition to C-9, resulting in an immediate cleavage of the C·9/C·lO bond and rearomatization of the diene ring. For an unequivocal differentiation between these two mechanistic possibilities, it would be necessary to chemically synthesize intermediate J in Fig. 4 , e.g., by oxidation of DDF (13), and test it for its structural stability.
The product of the DDF dehydrogenase-catalyzed reaction, i.e., epe, was isolated in the form of the respective lactone, 4-HDBP. From a chemical point of view, intramolecular esterification of epe to 4-HDBP under the acidic wo rkup and chromatographic conditions appears straightforward. DDF dehydrogenase, purified to homogeneity, transforms isolated DDF; 4-HDBP is identified as the product formed upon acidification. This enzyme shows high specificity for the sub· strates DDF and DDB; DON, on the other hand, is not transformed at all.
These data indicate that DOF dehydrogenase is distinct from other dihydrodiol dehydrogenases described in the literature (16, 20, 21, 26) . These enzymes as a rule are characterized by low substrate specificity, and they transform both DDB and DON (20, 21, 26) . We have found ordinary biphenyldegrading strains to express a dihydrodiol dehydrogenase which, in crude extracts, converts DDB and DON but not OOF (Table 4 ). This may be the rationale for the inability of these strains to grow with fluorene as the sole source of carbon and energy. The four·subunit structure is a typical feature of all diol dehydrogenases characterized so far (2, 19, 20, 24, 26) ; the 160-kDa molecular mass of DOF dehydrogenase, on the other hand, corresponds to a 4O-kDa subunit which is definitely larger than in the case of other dehydrogenases.
Fluorene is monooxygenated in the C9 position by the naphthalene-I,2-dioxygenase of P. stutzeri AN 10 (see data presented above). No 9-fluorenol is detected when crude extracts of fiuorene-grown DPO 1361 are incubated with fiuorene. This clearly indicates the absence of a genuine monooxygenase, especially a 9-f'Iuorene monooxygenase. Therefore, the actual formation of fluorenol is probably due to a monooxygenation mode of a dioxygenase, as described above for the cloned dioxygenase of P. stulzeri AN 10. This finding is also consistent with several reports on monooxygenation reactions which are catalyzed by dioxygenases (25, 29, 33, 34, 36) . 9-F1uorenol thus formed is then converted to 9-f1uorenone by a dehydrogenase that is strongly induced during growth on fluorene but not after growth with DBF or biphenyl.
Despite the similarities between the DBF, biphenyl, and fluorene catabolic pathways, degradation of fluorene seems to recruit a different set of enzymes. In a cell extract of a Beijerinckia sp., an analogous 9-f1uorenol-dehydrogenating ac· tivity was detected by Schocken and Gibson (27) ; the physio· logical function of this activity is not known. It is constitutive, J. B " CfER10'" though, in contrast to the activity in DPO 1361 extracts. The authors (27) also found that this organism can oxidize I-acenaphthenol. We have likewise found that cell extracts of DPO 1361 , after growth with fluorene, show I-acenaphthenol-oxidizing activity (35) .
Fluorene-grown cells convert both fluorene and 9·f1u-orenone, in stoichiometric amounts, to epe in the presence of 3-chlorocatechol. Since Ihis established metapyrocatechase inhibitor does not affect the initial steps of ftuorene degradation, angular dioxygenation must constitute the main catabolic route. The effective substrate for the angular dioxygenase seems to be 9·fluorenone; Sphingof7IIJMS sp. strain RWI , for instance, has been reported to dioxygenate 9·fiuorenone, though not fluorene itself, in the angular position (41) . Phthalic acid has been established unequivocally as a metabolic intermediate in fluorene degradation; with crude extracts, it is formed from DOF in the presence of O 2 and NAD+. fluorene degradation by OPO 1361 thus is initiated by angular dioxygenationj further down, it foUows a pathway analogous to that described for DBF and biphenyl (4, 31) . The results presented here indicate tha t DBF, biphenyl, and fluorene comprise a class of substrates which may substitute for each other as a carbon source for certain strains.
Weissenfels suggested a classical, naphthalene·type degra· dation for fluorene metabolization (37). Monna et ai., in contrast, describe the angular dihydrodiol which we recently have isolated and characterized spectroscopically (18) . We therefore believe that an angular dioxygenation mechanism is also operative in S. auriculans DBF63.
